We show that salinixanthin, the light-harvesting carotenoid antenna of xanthorhodopsin, can be reconstituted into the retinal protein from Gloeobacter violaceus expressed in E. coli. Reconstitution of gloeobacter rhodopsin with the carotenoid is accompanied by characteristic absorption changes and the appearance of CD bands similar to those observed for xanthorhodopsin that indicate immobilization and twist of the carotenoid in the binding site. As in xanthorhodopsin, the carotenoid functions as a light-harvesting antenna. The excitation spectrum for retinal fluorescence emission shows that ca. 36% of the energy absorbed by the carotenoid is transferred to the retinal. From excitation anisotropy, we calculate the angle between the two chromophores as ca. 50°, similar to that in xanthorhodopsin. The results indicate that gloeobacter rhodopsin binds salinixanthin in a similar way as xanthorhodopsin, and suggest that it might bind a carotenoid also in vivo. In the crystallographic structure of xanthorhodopsin, the conjugated chain of the carotenoid lies on the surface of helices E and F, and the 4-keto-ring is immersed in the protein at van der Waals distance from the ionone ring of the retinal. The 4-keto-ring is in the space occupied by a tryptophan in bacteriorhodopsin, which is replaced by the smaller glycine in xanthorhodopsin and gloeobacter rhodopsin. Specific binding of the carotenoid and its light-harvesting function are eliminated by a single mutation of the gloeobacter protein that replaces this glycine with a tryptophan. This indicates that the 4-keto-ring is critically involved in carotenoid binding, and suggests that a number of other recently identified retinal proteins, from a diverse group of organisms, could also contain carotenoid antenna since they carry the homologous glycine near the retinal.
carotenoids, although the carotenoid bacterioruberin binds to another such pump, the archaerhodopsin of the archaeon Halorubrum (8, 9 ), without a light-harvesting function (9, 10 ). Salinixanthin (11) , a component of the light-driven proton pump xanthorhodopsin, is the major carotenoid of the extremely halophilic eubacterium Salinibacter ruber (12) . This C 40 carotenoid has an acyl glycoside at one end, a chain with 11 double bonds and a conjugated ring with a 4-oxo (keto) group at the other. When bound to xanthorhodopsin (6) , it serves as a light-harvesting antenna (6, 10 ). It transfers 40-45% of the absorbed quanta to retinal (6, 13 ) in a fast, femtosecond process (14) that involves the short lived S 2 state of the carotenoid and the S 1 state of the retinal (13, 14 ) . In carotenoids and polyenes with more than three conjugated double bonds, the lowest excited state S 1 (2 1 A g − -like) is symmetry forbidden (3, 15 -17 ). The intense absorption bands in the blue-green region are from the transition to the S 2 (1 1 B u +-like) state. The carotenoid S 1 state is populated as a result of fast internal conversion from the S 2 .
The energy level of the carotenoid S 1 is below the S 1 of the retinal (3, 13 ), so it cannot serve as an energy donor for the retinal chromophore. This is different from carotenoidbacteriochlorophyll pairs in light harvesting complexes, where both S 2 and S 1 states serve as energy donors (3, 18 ) ). In retinal proteins with protonated Schiff bases (as bacteriorhodopsin and xanthorhodopsin), the lowest excited state is a strongly-allowed 1 1 B u -like state (19) , which is responsible for the broad and intense absorption band in the visible range. This state is characterized by large oscillator strength and large transition dipole moment (19) , as the S 2 state of the carotenoid. The short distance between the salinixanthin and retinal chromophores in xanthorhodopsin and their favorable mutual orientation (13, 20 ) result in significant electronic coupling (21) between the two conjugated chains of the chromophores (of ca. 160-210 cm −1 (14) ) and efficient excitation energy transfer from the carotenoid to the retinal chromophore (13) . This simple single-chromophore carotenoid antenna doubles the light-harvesting capability of the retinal protein, and confers additional optical cross-section, particularly in the blue-green region where absorption of the retinal chromophore is low. Binding of the carotenoid is accompanied by sharpening of the vibronic bands in its absorption spectrum and the appearance of optical activity that indicates immobilization of the 4-keto-ring and the conjugated chain in an asymmetric conformation (22) . This conformation is controlled by the retinal. Removal of the latter by hydrolysis eliminates the characteristic spectral features of the bound carotenoid (6, 22 , 23 ). The crystallographic structure of xanthorhodopsin identified the residues that constitute the binding site for the carotenoid (20) , see Figure 1A and Supporting Information, Section I. It confirmed the asymmetric conformation of the carotenoid deduced from spectroscopic properties, with its 4-keto-ring turned 82 degrees out of plane and immobilized near the β-ionone ring of retinal. Most of the polyene chain is at the lipid-protein interface, and interacts with a number of residues, as shown in Figure 1A and B, while the 4-keto-ring is immersed in the protein in a site close to the β-ionone ring of retinal. To accommodate it, the bulky tryptophan-138 which occupies this site in bacteriorhodopsin (24) , is replaced by the smaller glycine in xanthorhodopsin (20) , Figure 2 .
The question arises whether xanthorhodopsin is unique as a light-harvesting retinal protein/ carotenoid complex. Early observations of the multi band action spectra of phototaxis of Haematococcus pluvialis (25) implied that carotenoids or flavins might be involved in the photoreception in this organism as antennae also (26) . The development of genomic sequencing in the last decade resulted in the discovery of numerous genes of diverse but related (27) (28) (29) (30) (31) (32) (33) retinal proteins in proteobacteria (the proteorhodopsins) and other marine bacteria (34-37 ), freshwater bacteria (38) , cyanobacteria (39, 40 ) , fungi (30, 41 ) and algae (42) , some of which were characterized by heterologous expression in E. coli and other organisms and a few in their native hosts. Several genes of these retinal proteins, from a variety of organisms exhibit high homology to xanthorhodopsin and form a clade (43) (44) (45) ). Some of them might bind a carotenoid, as judged by the fact that the bulky tryptophan residue near the retinal ionone ring of bacteriorhodopsin is replaced with glycine, as in xanthorhodopsin, (for a representative list of organisms and protein sequences see Supporting Information, Section II).
The genome of cyanobacterium Gloeobacter violaceus (46) contains a gene for a retinal protein (accession number NP_923144), highly homologous to the xanthorhodopsin gene (43) with ca. 50% identical amino acid residues (see Supporting Information, Section III). Eleven out of sixteen residues which are in the vicinity of the carotenoid in xanthorhodopsin ( Figure 1B ), are conserved in gloeobacter rhodopsin, including the glycine (residue 156 in xanthorhodopsin and 178 in gloeobacter rhodopsin sequence) that replaces tryptophan in the binding site, see Supporting Information, Section 2. Gloeobacter rhodopsin has been expressed heterologously in E. coli, and reconstituted with retinal (30) . It shows features peculiar to proton pumps (40) , and its photocycle is similar to those of proteorhodopsin (47) and xanthorhodopsin (6, 48 ). It constitutes a good test system for the determinants of carotenoid binding in xanthorhodopsinlike proteins.
Cells of Gloeobacter violaceus contain three carotenoids: β-carotene, oscillol diglycoside, and echinenone (49) . The last is the 4-oxo derivative of β-carotene and has a 4-keto-ring similar to salinixanthin (50, 51 ). To test the possibility that gloeobacter rhodopsin might form a complex with carotenoids and use it as a light-harvesting antenna, we attempted to reconstitute the protein expressed in E. coli with salinixanthin, easily extractable from S. ruber where it accounts to > 96% of the total carotenoids (11) . Earlier it was shown that carotenoids can be reconstituted into light-harvesting complexes (52, 53 ), and we were able to remove and reconstitute salinixanthin in xanthorhodopsin also (unpublished results).
We report here that addition of salinixanthin to gloeobacter rhodopsin produces a functional complex with spectroscopic features similar to those found in xanthorhodopsin. This suggests that the gloeobacter protein may bind a similar carotenoid also in vivo. In order to investigate the role of the 4-keto-ring of the carotenoid in its binding, a mutant was constructed in which the glycine in the common binding site of the rings of the two chromophores was replaced by a tryptophan, as in bacteriorhodopsin. The latter would create steric hindrance for the 4-ketoring in its binding site. This single mutation eliminated specific binding of the carotenoid and energy transfer from it to retinal, indicating that ability of the protein to make a complex with the carotenoid strongly depends on accommodation of the 4-keto-ring.
Materials and Methods
Gloeobacter rhodopsin was expressed in E. coli, solubilized in 0.02% n-dodecyl-β-D maltopyranoside (DDM 1 ), and purified using its 6x His-tag as described in (40) . The G178W mutant was produced using same procedures as for other mutants of this protein (40) . Salinixanthin was extracted with acetone/methanol (7:3) from cell membranes of Salinibacter ruber and lipids were removed by precipitation with cold acetone (11) . It was stored as ethanol solution at −20°C. For mixing with the protein, the ethanol was evaporated and the carotenoid solubilized in 0.15 % DDM. The extinction coefficient for gloeobacter rhodopsin at the 541 nm maximum was estimated to be ca. 50,000 M −1 cm −1 from spectral changes after hydrolysis of the Schiff base with hydroxylamine. The extinction for salinixanthin was assumed to be ca. 140,000 M −1 cm −1 (13) . The absorption spectra were recorded on a Shimadzu 1701 spectrophotometer in 4×10 mm cells (4 mm pathway). The fluorescence and fluorescence excitation spectra corrected for the light intensity (N) were recorded on an SLM-Aminco spectrofluorimeter, as described recently (13) .
Results and Discussion
Gloeobacter rhodopsin binds salinixanthin Figure 3 presents evidence for specific binding of salinixanthin by gloeobacter rhodopsin. Gloeobacter rhodopsin solubilized in detergent has a single absorption maximum at 541 nm at pH 7.2 ( Figure 3A , spectrum 1). Salinixanthin in solution exhibits a spectrum with poorly resolved vibronic maxima (spectrum 2). Upon addition of salinixanthin to the protein, the spectrum of the product shows characteristic narrowing of the carotenoid vibronic bands that indicates specific binding ( Figure 3A , spectra 3 and 4). In the difference spectrum, "spectrum 4 minus spectrum 2", the sharp positive bands at 521 and 486 nm are from increase of extinction at the maximum of the carotenoid, whereas the negative band at 532 nm is from narrowing of the band ( Figure 3B , spectrum 1). These features are similar to those observed for binding of salinixanthin to xantho-opsin upon addition of retinol (23) ( Figure 3B , spectrum 2), and upon reconstitution of carotenoid-free xanthorhodopsin with salinixanthin (our unpublished result). Incorporation of the carotenoid occurs with a time-constant of ca. 5 min (data not shown). The amount of bound carotenoid can be estimated from the amplitude of the second derivative of the absorption spectra ( Figure 3C ). The narrowing of absorption bands upon binding results in increase in the amplitude of their second derivative (which is inversely proportional to the square of the half-width), as evident from comparison of the second derivative of untreated gloeobacter rhodopsin, non-bound salinixanthin, and gloeobacter rhodopsin reconstituted with salinixanthin (spectra 1-3, respectively, in Figure 3C ). Subsequent additions of the carotenoid result in additional binding ( Figure 4A ), until the available binding sites are saturated at a ca. 1:1 carotenoid/retinal stoichiometry. The amount of bound carotenoid was estimated from the second derivative of absorption spectra ( Figure 4B ) by plotting the amplitude at 541 nm, a wavelength at which its value for the free carotenoid is zero. Such a titration curve is shown in Figure 4C .
The binding of the carotenoid is accompanied by changes in the circular dichroism spectra as well ( Figure 5 ). Gloeobacter rhodopsin exhibits a weak CD signal (spectrum 1) with a positive band at 567 nm and a negative band at 507 nm. Free carotenoid in detergent shows a signal with even fewer features (spectrum 2) with a very weak band at ca. 490 nm. Upon binding, a characteristic structured, intense CD spectrum appears, with maxima at 512, 480 and 454 nm and a minimum at 533 nm (spectrum 3), similar to those seen in xanthorhodopsin (22) . It indicates that when bound, the carotenoid, otherwise non-chiral, acquires a conformation similar to that in xanthorhodopsin.
Binding of salinixanthin is controlled by the retinal
Hydrolysis of the retinal Schiff base of gloeobacter rhodopsin with hydroxylamine results in formation of retinal oxime, with a strong blue-shift of the maximum, as expected for any rhodopsin ( Figures 6A, B) . The same reaction of the protein after its reconstitution with salinixanthin causes changes in the carotenoid absorption bands as well ( Figures 6C and D) . The carotenoid loses the resolution of the vibronic bands upon hydrolysis, as in xanthorhodopsin, but to a somewhat lesser extent. The results indicate that conformation of the carotenoid is controlled by the retinal, apparently from direct interaction of their rings as in xanthorhodopsin (20, 23 ). Unlike in xanthorhodopsin, however, the carotenoid retains a somewhat structured spectrum even after complete hydrolysis of the retinal Schiff base. There might be two reasons for this: either a fraction of retinal oxime remains in the binding site (23) , or some degree of immobilization of the bound carotenoid occurs in the absence of retinal.
Salinixanthin acts as a light-harvesting antenna to gloeobacter rhodopsin
Evidence for excitation-energy transfer from salinixanthin to retinal was obtained by measuring the excitation spectrum for retinal chromophore fluorescence before and after reconstitution with salinixanthin. The fluorescence of rhodopsins exhibits complex behavior. The retinal chromophore of gloeobacter rhodopsin shows a broad fluorescence emission band in the farred region, with a maximum at ca. 670 nm at pH 7.2. It undergoes a red-shift to 680 nm and ca. 4 fold increase in intensity when the pH is lowered to 4.5, from protonation of the Schiff base counter-ion ( Figure 7A ), similar to 2.5 fold increase that we had found for xanthorhodopsin (13) . In bacteriorhodopsin the protonation of the counter-ion is accompanied by a larger increase in the quantum yield of retinal emission, by more than an order of magnitude (54, 55 ) , from a longer lifetime of the excited state (56) , and a larger shift in the absorption spectrum. The latter is about 40 nm in bacteriorhodopsin (57, 58 ), compared to 3-5 nm in xanthorhodopsin (48) and in gloeobacter rhodopsin. The maximum of the excitation spectrum for retinal emission of gloeobacter rhodopsin, sampled at 720 nm, is at ca. 568 nm at pH 4.5 ( Figure 7B , spectrum 1). It is thus substantially red-shifted from the absorption maximum of the retinal chromophore at 545 nm at this pH. This deviation of the excitation spectrum from the absorption spectrum suggests that there is a species with protonated counter-ion and a high fluorescence quantum yield that absorbs at ca. 568 nm, and the occupancy of this species at pH 4.5 is only partial (we estimate at ca. 30%). The fraction of this fluorescent species is partial even at low pH since the absorption maximum remains at 548 nm when the pH is lowered from 4 to 2 (not shown).
Most important is that the excitation spectrum after reconstitution with the carotenoid exhibits additional maxima at 521, 488 and 458 nm ( Figure 7B , spectrum 2) from carotenoid absorption, which clearly indicates energy transfer from the carotenoid to retinal. The fluorescence spectra obtained upon excitation at the retinal band (at 545 nm) and at the carotenoid 520 nm band have similar shape (data not shown), indicating that fluorescence of the carotenoid itself does not contribute substantially at 720 nm. From the comparison of the relative amplitudes of the carotenoid and retinal bands in the xanthorhodopsin (13) and the gloeobacter rhodopsin excitation spectra, the efficiency of energy transfer in the latter can be estimated of being at least 80% of that in xanthorhodopsin (i.e., > 36 ± 4%). The excitation spectra obtained under parallel (all vertical, VV) and perpendicular (vertical/horizontal, VH) polarizations are very different; the latter exhibits a much larger contribution from the carotenoid component ( Figure  7C ), as was observed also for xanthorhodopsin (13) . From the similar shape of the excitation anisotropy in the two pigments ( Figure 7D ), it follows that the salinixanthin and retinal chromophores in gloeobacter rhodopsin are also not parallel but make an angle calculated to be ca. 50±5°. In xanthorhodopsin this value was 56±3° (13).
The results show that salinixanthin, the light harvesting antenna of xanthorhodopsin, binds to gloeobacter rhodopsin in a conformation similar to that in xanthorhodopsin, and apparently to a similar binding site. Eleven of the 16 side chains of residues that contact salinixanthin in xanthorhodopsin are conserved in the gloeobacter protein (homologues of Gly156, Thr160, Phe163, Asn191, Leu188, Leu197, Gly201, Pro204, Ile205, Tyr207, and Met211 in the xanthorhodopsin sequence). Several of these are in the common binding site that immobilizes the 4-keto-ring of the carotenoid and the ionone ring of retinal (Gly156, Tyr207 and Met 211). Leu197 and Ile205 interact with the carotenoid side chain in a slot along helix F, thus providing immobilization of the polyene chain and determining the overall angle between the two chromophores (20) . The conformation of salinixanthin in gloeobacter rhodopsin results in energy transfer almost as efficient as in xanthorhodopsin. There are two implications. The first is that gloeobacter rhodopsin can serve as a good model for getting more insights into carotenoid binding and the mechanism of energy transfer, utilizing the already developed highyield expression system (30, 40 ) that will enable exploration of the role of protein residues in binding and energy transfer. The roles of the conserved Gly156 and Tyr207 are of particular interest. Second, gloeobacter rhodopsin probably binds a carotenoid with a similar structure also in vivo. Future experiments dealing with reconstitution of this retinal protein with the carotenoids found in Gloeobacter violaceus (major components are 3-carotene and oscillol diglycoside; minor component echinenone (49)) will test this.
Effect of the substitution of Gly in the ring binding site for a Trp on carotenoid binding
An intriguing question is the importance of the 4-keto-ring in carotenoid binding. Comparison of the structures of bacteriorhodopsin and xanthorhodopsin at the ionone ring of the retinal (Figure 2) indicates that the carotenoid 4-keto-ring in xanthorhodopsin occupies the space of Trp138 in bacteriorhodopsin. If same is true for gloeobacter rhodopsin, then replacing Gly178 (homologous to Gly156 in xanthorhodopsin) by the much bulkier tryptophan will create steric hindrance to the 4-keto-ring, and that might hinder carotenoid binding and energy transfer. The results show that this is indeed the case. As shown in Figure 8A , addition of salinixanthin to the G178W mutant does not cause significant changes in the carotenoid absorption spectrum. It does not cause any chirality changes either (data not shown), and there is no evidence for excited-state energy transfer, as the carotenoid bands are missing from the excitation spectrum (compare spectra 2 in Figure 8B and Figure 7B ). Thus, a single mutation that prevents the entry of the 4-keto-ring into the binding site eliminates specific binding of the carotenoid conjugated chain, and most importantly energy transfer to retinal. This result emphasizes the role of the 4-keto-ring in the overall binding and function of the salinixanthin as antenna, and the role of the glycine in providing space for the carotenoid binding. Many members of xanthorhodopsin clade with high homology (harbored by Thermus aquaticus, Roseiflexus sp. RS-1, Alpha proteobacterium, Actinobacteria and others) and even proteins with smaller homology (30%) contain glycine near the retinal ring (see Supporting Information, Section II) and might bind carotenoid antennas, whereas some highly homologous proteins as in Methylophilales bacterium HTCC2181 (44) contain Trp, as in bacteriorhodopsin, and would not be able to accommodate a carotenoid ring similar to that in salinixanthin near the retinal. This does not exclude the possibility that they might bind different carotenoids in some other way.
In conclusion, the results indicate that gloeobacter rhodopsin, the representative of a group of homologous retinal-proteins with potential carotenoid binding sites, binds salinixanthin, the C40 carotenoid antenna of xanthorhodopsin from S. ruber. The carotenoid acquires a conformation similar to that in xanthorhodopsin and functions as a light-harvesting antenna. The single mutation G178W creates steric hindrance for the entry of the 4-keto-ring of the carotenoid into its binding site, and eliminates carotenoid binding and energy transfer. The results imply that gloeobacter rhodopsin and the other similar rhodopsins bind carotenoid as an accessory light-harvesting antenna, and that the conserved glycine in the primary structure might indicate the presence of a carotenoid antenna. A. Conformation of salinixanthin and residues within 4 Å of salinixanthin in xanthorhodopsin, based on the 3DLL coordinate set (20) . The acyl tail of the carotenoid is in contact with lipids, and is not shown. The distances between the side chains and carotenoid are presented in Supporting Information, section I. B. Conservation of residues that interact with the carotenoid in xanthorhodopsin in gloeobacter rhodopsin. Letters c, g, k, and r stand for the chain, glucoside, keto-group, and ring, respectively, and indicate part of the carotenoid in the vicinity of a residue. A. Absorption spectra of: 1, gloeobacter rhodopsin, 16 μ in 0.02% DDM, pH 7.2, 100 mM NaCl, 4 mm pathlength; 2, 8 μ salinixanthin in the same buffer; 3, mixture after adding 8 μ of salinixanthin to 16 μ to the gloeobacter rhodopsin; 4, spectrum 3 minus spectrum 1. B. Absorption changes of salinixanthin upon binding to: 1, gloeobacter rhodopsin (difference between spectrum 4 and 2 in panel A); 2, xanthorhodopsin (taken from (23), Figure 6A , curve 4). C. Second derivatives of absorption spectra 1 through 3 in Figure 3A (multiplied by minus 1). Circular dichroism spectra of: 1, untreated gloeobacter rhodopsin in 0.02% DDM, pH 7.2, 100 mM NaCl; 2, salinixanthin in the same buffer; 3, after reconstitution. Concentration of gloeobacter rhodopsin and salinixanthin, ca. 16 μM. Absorption spectra of the samples are shown in Figure 3A , spectra 1, 2 and Figure 4A curve 6, respectively. Fluorescence, excitation and anisotropy spectra. A. Fluorescence spectra of gloeobacter rhodopsin at pH, 7.2 (spectrum 1) and 4.5 (spectrum 2). B. Excitation spectra for emission at 720 nm corrected for the light intensity N, pH 4.5: 1, untreated gloeobacter rhodopsin; 2, after reconstitution with salinixanthin. C. Excitation spectra of gloeobacter rhodopsin reconstituted with salinixanthin: 1, under parallel (both vertical) and 2, perpendicular (vertical excitation/ horizontal emission) orientation of polarizers. Absorbance of the sample at the maximum was 0.32. D. Excitation anisotropy: 1, gloeobacter rhodopsin reconstituted with salinixanthin; 2, xanthorhodopsin, from (13) A. Absorption spectra of: 1, G178W mutant of gloeobacter rhodopsin, ca. 16 μM in 0.02% DDM, 20 mM MOPS, pH 7.2, 100 mM NaCl; 2, after addition of 12 μM salinixanthin; and 3, spectrum 2 minus spectrum 1, indicating no binding of salinixanthin to the G178W mutant. B. Excitation spectra of retinal emission sampled at 720 nm before (spectrum 1) and after addition of 16 μM salinixanthin (spectrum 2).
